The aim of this study was to clarify the mechanism of hemodynamic changes leading to intraoperative hypotension during evacuation of acute subdural hematoma. To our knowledge, little data is available about the mechanism of hemodynamic changes during surgical interventions to decrease intracranial pressure after severe head injury. The influence of preoperative hypotension on intraoperative hypotension was examined. Hemodynamic studies (pulmonary artery catheterization) were carried out in 15 patients before and after acute subdural hematoma evacuation. All patients were assessed for hemodynamic parameters, evacuated hematoma volume, and intracranial pressure measurements. Comparison between just before and after evacuation of the hematoma showed that the mean arterial pressure, pulmonary arterial pressure, systemic vascular resistance, pulmonary vascular resistance, central venous pressure, and pulmonary capillary wedge pressure all decreased after hematoma evacuation. However, the cardiac index was unchanged after hematoma evacuation. Mean arterial blood pressure is dependent on the cardiac index and vascular resistance, so the decrease in arterial blood pressure during hematoma evacuation was the result of a decline in vascular resistance. The influence of preoperative blood pressure on intraoperative hemodynamic changes was analyzed by dividing the patients into two groups, the preoperative hypotension group and preoperative nonhypotension group. The decrease in mean arterial blood pressure was more marked in the preoperative hypotension group than in the preoperative nonhypotension group. Intraoperative hypotension during evacuation of acute subdural hematoma is caused by a decrease in vascular resistance. Preoperative hypotension is a also risk factor for intraoperative hypotension.
Introduction
Patients with severe head injury often require early surgical intervention which carries the risk of developing hypoxia or hypotension. 12, 17, 18) Evidence of secondary ischemic brain damage was found in 66% of the patients who died of head injury, suggesting that ischemia may be very common during hospital treatment. 18) Intraoperative hypotension occurs in 32% of patients with severe head trauma initially without hypotension, and intraoperative hypotension is inversely correlated with the Glasgow Outcome Scale. 10) Hypotension reduces the delivery of substrates (oxygen and glucose) to the brain tissue, which is especially vulnerable to a decrease in oxygen delivery because of the high metabolic rate and absence of substrate storage. 11, 16) The effect of prehospital hypotension on the longterm outcome after head injury is well documented, but the importance of intraoperative hypotension is unclear. 5, 21) Cerebral perfusion pressure (CPP) is important to maintain in patients with head injuries in the intensive care unit, so a similar policy in the operating room would seem prudent. 14) Accordingly, the hemodynamic mechanism of intraoperative hypotension is important to understand. In certain physiological states, mean arterial blood pressure (MABP) is dependent on the cardiac index and systemic vascular resistance. 4) Therefore, the decrease in MABP during surgical intervention for T. Tamaki et al.
severe head injury may be related to these parameters.
The present study investigated the hemodynamic changes which occurred during evacuation of acute subdural hematoma by pulmonary artery catheterization in patients with and without preoperative hypotension.
Material and Methods
This study included 15 patients with severe head injury (Glasgow Coma Scale º8) admitted to our institution within 60 minutes of injury between January and June 1997. On admission, all patients had isolated head injury with no evidence of pulmonary contusion or aspiration of gastric contents. All patients underwent endotracheal intubation and mechanical ventilation was continued during evaluation in the Emergency Department. Arterial blood gas analysis was performed regularly and mean PaCO 2 was maintained at 32.8 ± 0.8 mmHg. All patients were given acetated Ringers solution at 0.01-0.03 ml/mg/hr immediately after admission. If the systolic blood pressure was less than 90 mmHg 20 minutes after starting infusion, dopamine was administered at 0.005 ml/mg/min.
The definitive intracranial diagnosis was established based on computed tomography findings evaluated using traumatic coma data bank categories. All patients had acute subdural hematoma in the traumatic coma data bank category of mass lesion. 8) All patients underwent immediate surgery with burr holes under local anesthesia. A fiberoptic subdural intracranial pressure (ICP) monitor (Camino ICP monitoring system; Integra NeuroScience, Andover, England) was inserted. Then a silicone drain tube was positioned and the acute subdural hematoma was evacuated slowly. 20) The evacuated hematoma volume was measured.
The radial artery and pulmonary artery pressures, central venous pressure, and pulmonary capillary wedge pressure were obtained directly from pressure transducers connected to arterial catheters and a pulmonary artery catheter, which was positioned by the Seldinger technique. Cardiac output was measured in triplicate using a cardiac output computer (COM-1 9310; Baxter Edwers Critical Care, Santa Ana, Calif., U.S.A.) after a 5-ml bolus of 5% dextrose (º109 C) was injected into the right ventricle at the end-expiratory phase of the respiratory cycle. The heart rate was monitored from the R-wave of the electrocardiogram. From the measured data, we calculated the MABP, mean pulmonary artery blood pressure, cardiac index, systemic vascular resistance, pulmonary vascular resistance, left ventricular stroke work index, right ventricular stroke work index, and CPP using standard formulae.
The hemodynamic parameters and ICP were measured immediately before hematoma evacuation, defined as pre-evacuation data, and immediately after hematoma evacuation, defined as postevacuation data. ICP monitoring and pulmonary artery catheter measurements were carried out at the same time. Intraoperative hypotension was defined as a decrease in MABP by more than 10 mmHg during surgery (post-evacuation MABPpre-evacuation MABP). Preoperative hypotension was defined as a pre-evacuation systolic blood pressure of less than 90 mmHg. The influence of preoperative MABP on intraoperative hemodynamic changes was analyzed by classifying the patients into the preoperative hypotension group and preoperative nonhypotension group. Data were analyzed statistically using Student's paired t-test and significance was accepted at p º 0.05. Correlations were determined by calculating Pearson's correlation coefficients. Regression used the least squares method.
Results
The clinical characteristics of the patients are given in Table 1 . The mean time from injury to hematoma evacuation was 115 ± 32 minutes. Ten of the 15 patients experienced intraoperative hypotension. However, there was almost no intraoperative bleeding in all patients. Eight patients received dopamine support because of the marked decrease in systolic blood pressure. Hemodynamic data obtained during hematoma evacuation are shown in Table 2 . The mean time between pre-evacuation and post-evacuation measurement of parameters was 14.3 minutes. In the preoperative hypotension group, the MABP, mean pulmonary artery blood pressure, systemic vascular resistance, pulmonary vascular resistance, central venous pressure, pulmonary capillary wedge pressure, and ICP all significantly decreased after evacuation. In the preoperative nonhypotension group, only central venous pressure showed a significant decrease during surgery (Fig. 1 ). There was a weak correlation between the intraoperative change in MABP and the intraoperative hematoma evacuation volume (r ＝ 0.29, p ＝ 0.037), but there was no correlation between the intraoperative changes in MABP and ICP (r ＝ 0.036, p ＝ 0.501) (Fig. 2) . Intraoperative cerebral perfusion pressure (CPP) change＝post-evacuation CPP -pre-evacuation CPP, intraoperative intracranial pressure (ICP) change＝post-evacuation ICP -pre-evacuation ICP, intraoperative mean arterial blood pressure (MABP) change＝post-evacuation MABP -pre-evacuation MABP. AEDH: acute epidural hemorrhage, ASDH: acute subdural hemorrhage, CC: cerebral contusion, CT: computed tomography, GCS: Glasgow Coma Scale, SAH: traumatic subarachnoid hemorrhage, SBP: systolic blood pressure. 
Discussion
Intraoperative hypotension occurred in 10 of the 15 patients with acute subdural hematoma. This is a higher incidence of intraoperative hypotension compared with other reports, possibly because our subjects included many patients with preoperative hypotension and a poor Glasgow Coma Scale score. Evacuation of acute subdural hematoma used a single burr hole under local anesthesia, and there was little intraoperative bleeding. There was no relationship between intraoperative hypotension Fig. 1 Comparison of hemodynamic parameters during acute subdural hematoma evacuation. Open circle indicates preoperative nonhypotension group (n ＝ 7) and solid circle indicates preoperative hypotension group (n ＝ 8). Data are expressed mean ± standard deviation. *Significant difference between pre-evacuation and post-evacuation (p º 0.05). HR: heart rate, NS: no significant difference between pre-evacuation and post-evacuation, Pre: preevacuation data, Post: post-evacuation data. and hypovolemia, so the onset of intraoperative hypotension was clearly caused by reduction in ICP or evacuation of the hematoma. The cardiac index and systemic vascular resistance are known to modulate MABP. 4) The occurrence of intraoperative hypotension in our patients during evacuation of acute subdural hematoma resulted from a rapid decrease in the systemic vascular resistance (i.e., systemic vasodilation), whereas the cardiac function was not significantly altered. The preoperative nonhypotension group showed a slight decrease in MABP (not significant), but no other significant changes in hemodynamic parameters apart from central venous pressure during hematoma evacuation. The preoperative hypotension group showed major changes to the circulatory system during hematoma evacuation: a marked decrease in MABP caused by decreased systemic vascular resistance, a decrease in the mean pulmonary artery blood pressure caused by Hemodynamic Changes During Hematoma Evacuation decreased pulmonary vascular resistance, and a decrease in central venous pressure and pulmonary capillary wedge pressure caused by generalized vasodilation. The intraoperative change in MABP was correlated with the evacuated hematoma volume rather than the change in ICP. The reason for this is unknown since the evacuated hematoma volume does not directly reflect the true hematoma volume because of obstruction to the drain tube or sequestration of parts of the hematoma by acute brain swelling. 7, 15) An experimental head injury model suggested that heart rate and blood pressure responses were probably initiated by deformation or local ischemia in the central nervous system regions that control the circulatory system. 6) A decrease in MABP induced by increased ICP may be due to a decline of sympathetic stimulation because of damage to the central circulation regulatory areas. 1) An acute, rapid rise in the ICP to a level in excess of the systolic arterial pressure causes systemic hypertension and decreased heart rate (the Cushing response), and the pressor component of the Cushing response is wholly or partly related to cerebral ischemia. [1] [2] [3] 6, 13, 20, 21) Hemodynamic changes related to a decrease in ICP during neurosurgical intervention may arise as an inverse Cushing response. If the Cushing response affected intraoperative blood pressure, patients without preoperative hypotension might develop severe intraoperative hypotension, because of more severe brain stem ischemia, rather than patients with preoperative hypotension. However, the changes in cardiac function after severe head trauma can be explained by a number of factors, such as the Cushing response, neurogenic shock, and heart failure induced by catecholamines. 9,19,21) Catecholamines cause myocardial necrosis and propranolol has a cardioprotective effect, but excessive levels of circulating catecholamines may induce heart failure in patients with severe head injury. 9) Many patients with acute subdural hematoma suffer acute brain swelling intraoperatively and control of the ICP becomes impossible, resulting in death. Marked hypertension (systolic pressure À140 mmHg) before surgery and intraoperative hypotension (systolic pressure º90 mmHg) were risk factors for acute brain swelling in patients with acute subdural hematoma. 15) In our study, two of three patients with these criteria died. Intraoperative hypotension should be vigorously managed with fluids initially and with pharmacological support (especially vasoconstrictor agents like alphaagonists) to achieve rapid reversal of cerebral hypoperfusion. Furthermore, hematoma evacuation should be performed slowly to achieve steady ICP reduction. Maintenance of the CPP should be the goal of resuscitation in patients with severe head injury, in both the preoperative and the intraoperative phases. Neurosurgical interventions, such as hematoma evacuation and external decompression craniectomy, are aimed at reducing ICP and elevating CPP in patients with severe head injury, but reducing the ICP and evacuating a hematoma may cause deterioration in the hemodynamic parameters.
T. Tamaki et al. 
Commentary
While the occurrence of intraoperative hypotension during removal of acute subdural hematoma is known to exert detrimental effects on the patient's outcome, little is known about the mechanism of hemodynamic changes leading to intraoperative hypotension. In this study, 15 patients with a diagnosis of acute subdural hematoma underwent detailed examination of the hemodynamic changes before and after hematoma evacuation. Systemic blood pressure at admission, as well as the mean arterial blood pressure, intracranial pressure, and cerebral perfusion pressure during operation were monitored, and the correlations between these values and the occurrence of intraoperative hypotension, or the final outcome (alive or dead) were examined. This analysis disclosed a significant association between the preoperative hypotension and the occurrence of intraoperative hypotension. Regarding the mechanism underlying the above association, the hemodynamic parameters consistently showed that hematoma evacuation caused a decrease in vascular resistance in the face of the unchanged cardiac index. Therefore, it is logical to assume that the lower the preoperative blood pressure is, the greater the decrease in the intraoperative arterial pressure becomes. Although this is an important point in the clinical handling of acute subdural pressure, it seems desirable to further investigate the possible relationship between the occurrence of preoperative hypotension and the severity as
